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414 The Threesphase Synchronous Machine

interconnected capacity. The biggest single Eeneratoy |,
of 500 MW, For this reason the performance of A Single

unlikely to affect appreciably the voltage and fl‘l:qut'.llc',r of
system, A machine connected to such a system, Where the
of any one machine 18 small compared with the total fnt&,m "‘“Pﬂcity
capacity, is often said to be connected to infinite bush Olifipogeq
outstanding electrical characteristics of such busbirs yre T;‘ls The
are constant-voltage constant-frequency busbar, AL they
When the machine is connected to the infinite busbarg

minal voltage and frequency becomes fixed at the values myj '€ ter.
by the rest of the system. Unless the machine is grossly ﬂvﬂf}lnlned
or under-excited, no change in the mechanical power baup | Oade
or excitation will alter the terminal voltage or ﬁ"‘luﬂnc; J’irlnnd
machine is acting as a generator and the mechan Mty
I8 Increased the power output from the mac
Must increase, assuming that the efficiency does not Breatly chy

(o the same way, a decrease of mechanical driving power *“r"ﬁf'
application of a mechanical load (motoring) will produce q Joca ¢
I OUTput power or the absorption of power from the busbars ase

1212 Synchronizing

The method of connecting an incomin ‘
. . | & alternator to the liv ‘
bars will now be considered. This is ca : King. o
nected to live busbars, o,

o : dﬂ[till. a short-circuit wij|
The ueed e.m.f. will prevent dan erous|
gh switching currents only if the following conditions urf almm'a)tr

exactly complied with -
L. The frequency of the induced y “ !
oltages in the incoming machine
must equal the uency of the voltages of the live li;usbnrs.

e must equal the

Synchronized auto-
lustrated by the three-lamp
»May be used for synchronizing

= ¢h it will be noted
bereresponding phases while
other two phases.

i nduced Voltages are

Y€ supply voltages are
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epresented by Vr, Fy, and Va, The lamp symbols haye been
' ided to the complexor diagram to indicate the Instantaneous lamp
. ;m}.ﬁ_ It will be realized that the speed of rotation of the com-
\;‘I::il‘;?‘ will correspond to the frequencies of Ihclp.!-.:ppl)- and the
muchine—if these are the same then the lamp brilliancies will be
Constant. ‘The HpCUFI ol the machine should be adjusted until the
machine frequency is nearly that of the supply, but exact equality
(¢ inconvenient Iqr\lhcrc would then be, in ulllpmhﬂbihty, a4 per-
manent phase diflerence between Lcnrruﬁpmullng vnltﬂgm, The
muachine excitation should now be varied until the two sets of voltages
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(a)

Fig, 12,011  SYNCHRONIZING BY CROSS-CONNECTED LAMP METHOD

are equal in magnitude. The correct mnditim_m will be obtained at an
instant when the straight-connected lamp is dark and the cross-
connected lamps are equally bright. If the phase sequence is incor-
rect no such instant will occur as the cross-connected lamps will,
n eflect, be straight-connected and all the lamps will be dark
simultaneously. In this event the direction of rotation of the
incoming machine should be reversed or two lines of the machu;e‘
should be interchanged. Since the dark range of a lamp extenla
over a considerable voltage range it is advisable to connect a volt-
meter across the straight-connected lamp and to close the paralleling
switch when the voltmeter reading is zero. It should be noted that
the lamps and the voltmeter must be able to withstand twice the

normal phase voltage,
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12.7{8) is the corresponding complexor diagram : . | _ _ _,
f’eﬁ?{ai shows for the ;hn;fptm;w;m b::‘f Pesyl. f:mgumﬂy in synchronous machines X, > R, in which case egn. .
omitted in subsequent disgrams. il be (12.26) becomes
Z, = Xo[50° = jXs (12.27)

Fig 12.7(c) shows the full equivalent circuit of fhe synchronous
| motor, in which the current flows in the conventionally positive
j direction for motor-mode operation (2 load), 1. entering the posi-
1 don terminal. Applying Kirchhoff's law to this circuit gives
y = Ep + jIXa + jiX, + IR (12.2%,

(e) (c) Fig. 12.7(d) is the corresponding complexor diagram.

EXAMPLE 121 A 3-phase 11'8kV T5MVA, 50Hz 2-pole starcommecied

[ syachronous generator requires 2 separate ficld mm § having 2 mavews valipe
of 3-0 x 10*At/poie to give normal rated voliage on open-crcoit. The Sox per

poie on open-circuit IS apprommately 3 WD, i

r Determne (g) the maxmom armature mm § per pole correspoadms o r2ted

fali-load curreat, and (b) the synchronous reactance i the leakase reactance of

the armature Winding IS 10} Find also the p-a. valse of the syachronons

rEaCiancs. T =
Nesiect the offect of space harmonics In the &d and armatare mm s

Assurme the flux per pole to be proportionzal to the mm{ and the armatiee

) winding i0 be uniform and narrow spread.
Fg 127 :f::mcmmgnaummm The e f. per phase, fromega. (11.20), =
S Gy G Mo ‘ : =m5’
: ! vz
., _ _ |
h‘fﬂ-ﬂl-yhemﬁ and the distribetion factor for 2 oniform samow-spread windmz 5
zr=F. : 3
- ﬁzh;‘& - (12.20) =::_={_'|-955 {1513
e = _ 118 x 108 -
o or 3 ke (1221) kl =
Ry - o A=R+jX, (1222) | Taking K, = 1, the number of tarms per phase =
= w8 X, 5 the symohronous reactance - | i e e DRENR. U
R; TP T EEa® 0955 x 22590 X 53

- A= Tut Xa (12.23)

= polar form the svrchrosoes i o Simce the mumber of tarns per phase most be n mesmr, 2 N, = €
Ll e i | : > Empedance s The magEsus mpg.mi,&mm(lmj,i‘i

—— . —
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I. 1 » : .-.I i
e. This fixed value ,
e n;crln 'f;mp:llie}:oelﬂ'ect as the air-gap i;} 1:l‘-:f;rm};lm”E: Mm.f, hag On open-circuit the terminal voltage depends on the field excitation
@ progressivery Ethened, and the magnetic characteristics of the machine. Fig. 12.9 includes 2 &
AMPLE 122 A 3-phase 138kV 100MVA S0H:z 2.p0)e t R As R X
| c%ndﬁw'rﬂmf synchronous gencrator has an internal Pstatu: adfiﬁnnmttd AW TR — Ay
. 1:08m and an effective core length of 46m. The machine has a syuuhﬁlcr of ¥
§ reactance of 2p.u. and a leakage reactance of 0*16p:u- The average fiyy ;“““US 1Ef Vv @) TE,
over the pole area is approximately 0-6 Wb/m®. Estimate the gap length Casity
e | Assume that the radial air-gap is constant and the armatyre wWinding ynir )
i 1 Neglect the reluctance of the iron core and the space harmonics i the ann;n“'
m.m.f. "ature (a) (b)
With the above assumptions the reactance X, is Fig. 12.5 DETERMINATION OF SYCHRONOUS IMPEDANGE
(a) Open-circuil test (b) Shon-circuit test
o () oo ()
Xa=w ﬁ ST zp (]2'31) . . . = = . ..
v qprcal open-circuit characteristic showmg the usual initial linear
| 13:8 x 103 : d subsequent saturation portion of a ma etizati :
== =7960V ortion an _ eq : gn On curve,
i : Base voltage, Fa = ¥y V3 ; On short-circuit the current in an alternator winding will normally
£ VA/phase _ 100 x 105 lag behind the induced voltage by approximately 90° since the leakage 4
i Base current, /s = = = 4,180A
j VH 3 X 7,960 ' 1-..1
| f V; 7.960 4 f! Cpenrcircuit r:
) Base impedance, Zs = — = "~ = 1910 = voitage <>
b f.] Is 4,180 —r Short-circuit 2
N Xipe = Xipw — Xipu =200 — 016 = 1-84p.u. £ SurTent
B Xo = XupnZs = 184 x 191 = 3520 58 K
' .J' a9 g U Pl -
i ? ; P
4] Fiux per pole, Bse x Pole area = ,, Z2L _ 06 X m x 108 x 4.6 S > Synchronous 3
JIFT ! 2 2 impedarice (Z_) I
{ r s 14
yt ' i - 463% =8 Y
] l,- r
:.' . Ep = KK, w_f ZN’ (11.20) Field excitation (amperes)
7 ) L Fig. 129 VARIATION OF SYNCHRONOUS IMPEDANCE WITH EXCITATION =
|| Fnrlumfnrmmdm&x‘=3,ra-andx,=1_mmt t "
*Ji P | No=-Y25 _  v2x7960 reactance of the winding is normally much greater than the winding 3
Il 7 Y koD 3r X 2= x S0 x dgg — 502 resistance. The complexor diagram for short-circuit conditions 1S L;"
: - : in Fig. 12.10. It is found that the armature and fisld m.m.fs as
O e S S . T | OO i
. Ptr]:;: :nda\m'ageva.lue of flux density. From eqn. (12.31), Fr  Fa 2
- gk AT : 11 . F e
%
Fig. 12.10 COMPLEXOR DIAGRAM FOR SHORT-CIRCUTT
| CONDITIONS
.’ 128 Determinatiog of Syachronoys

are directly in opposition, so that a sgrpﬁsing]y}arge excitation
is required to give full-load short-circuit current in the windings.
The resultant m.m.f. and fiux are small since the induced voltage is
only required to overcome resistance and leakage reactance voltage
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in the windings. Suwe thg flux is smal), saturatig,
be negligible and the short-circuit characteristic jq a;mmlﬁﬂ'tcu wil
The synchronous impedance Z, may be foung by di:iu-au
ircuit 'b'ﬂ"ﬂ# by' the short-circuit current uy any dll’{g the
valee of field excitation (Fig. 12.9). Over (he range g?"“?uln;
where the open-circuit characteristic is linear the gyneg. . ey
impedance s constant, but when the open-circuit oy,
from linearity the value of the SYNChronous impe
It is often difficult to estimate the most appropriate valu:z? :
use for a particular calculation. 2, 15

129 Voltage Regulation

is the induced voltage on open-circuit and ¥ is the tcn';]inal vaimﬁ'p

at a given load, the voltage regulation is given by Bt
: : Ep -~V

Per-unit regulation = — (1232

' There are 2 number of methods of predicting the voltage regula.
tion of an alternator. None are completely accurate. Only (he
synchronous impedance method s considered here,

1210 Synchronous Impedance Method
Using a suitable value for Z,,

EXAMPLE 123 A J-ﬁmeﬁuwaﬂmwr '

has a resistz f 0502
:dimlﬂﬂmgm It is excited lo give 6%% (HI{G)
mmﬁﬂﬁ.; D'Mltmint':’f A voltage and per-upit voltage ion
008 Current the load power factor is (a) ﬂ'm

mwwmmmw complexo

heis o e, Wpl’_ulhcrdmu r since
:-.’h"_ .?a mkmmlhuvdw.ﬁhmagnimdeoﬂf

g Rmp—

— i — e e s
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(a) The phase current I lags behind ¥ by 4 phase angle corr ;
pawer [actor of 08 lagging. i, e Epondin
| = 130]~con' 08 = lBﬂf_—*}E‘_’{"A
The synchronous impedance per phase s
Zy = (05 4 [5)(1 = 502/843° ()

£ s

In eqn. (12.20),
3,810[0" = VIO + (130/=369" x 5412/843)

e

= VIIF + 653/474°

Expressing all the terms in reclangular form.

3E10cos o 4 JIBI0 sin o = V 4 J0 4 447 4 1452
Equating quadrate parts,

3810 sin o = 452
whenee sino s 0127 and cos g = 0997
Equating reference parts,

38510 cos o0 = V 4 442

V= (3,810 x 0992) — 442 = 3,240V
———

and

. ) 3810 — 3340
Per-unit regulation = —= — = ()14}
é 3‘3.41‘) e

(b) Phase current = J30A at 0-6 leading with respect (o ¥

= 130/ +531°

Following the same rrm:durc as in part (a) it will be found that thers is zn

on-load phase terminal voltage of 4,260 V. Hence the per-upil regulation, since
A e inizh

there is a voltage rise, is given by
3810 — 4260
= —0106p.u.
4,260 Bt o

12.11 Synchronous Machines connected 1o Large Supply Systems

In Britain, electrical energy is supplied to consumers from approxi-
mately 200 generating stations. These stations vary considerably in
size, the installed capacity of the largest exceeding 2,000 MW. About
onc-quarter of the stations have a rating of less than 50 MW and
supply less than 2} per cent of the electrical energy demanded from
the public supply.

The generating stations do not operate as isolated units but are
Interconnected by the national grid, which consists of almost 10,000
miles of main transmission line, for the most part overhead lines
Operating at 132, 275 and 400kV. The total generating capacity
interconnected by the grid system is over 40,000 MW, The output
of any single machine is therefore small compared with the total




